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Abstract 
A number of studies have been conducted on the conversion of diesel powered auto rickshaws to electric 
drive. Of key importance to the design of any hybrid vehicle is the energy management strategy that 
controls the energy flow between components.  This paper reports on a project whose objective is to 
develop and compare different intelligent control strategies for the optimal performance of a fuel cell 
hybrid auto rickshaw.  At first, a novel fuel cell load following strategy (FCLS) showed better results 
when compared to a traditional equivalent consumption minimization strategy.  FCLS was then 
benchmarked against a fuzzy control strategy (FCS).  It was found that after careful tuning, FCLS and 
FCS were equivalent.  However, tuning the fuzzy logic controller was difficult.  Thus, further work is 
being conducted to find a more systematic way to tune FCS, with the belief that it has potential to 
produce better results than FCLS. 
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1. Introduction 
Auto rickshaws are one of the most popular vehicles in developing Asian countries where they are used 
as taxis and to transport goods. In India alone there are about 2.5 millions rickshaws currently on the road 
and 250,000 new vehicles are sold each year [1]. Due to their small size and maneuverability, they are 
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popular method of transportation in large urban centers. A two or four stroke gasoline fuelled ICE usually 
powers these vehicles. Thus, rickshaws are typically highly polluting.  In order to address this problem, a 
number of studies on the conversion of an ICE rickshaw to an electric drive have been completed. The 
concept and feasibility of a battery only rickshaw was investigated in [1]. In [2] the design for a fuel 
cell/battery hybrid rickshaw was studied with the conclusion that the concept was feasible but required 
further work. In [3] the design for a photovoltaic/ battery hybrid rickshaw was developed and tested in 
simulation. Finally, in [4] the impact of the drive cycle on the performance of a fuel cell/battery hybrid 
rickshaw was examined by means of a PSAT based simulation.  
For any hybrid vehicle, it is very important to optimize the architecture and components.  But equally 
important is the energy management strategy that is used to control the complete system. The energy 
management strategy is implemented by a power controller. It controls the energy flow between all 
components. In [5] power management strategies were classified into different categories. The most 
common is based on optimization methods.. A good example for this type is the equivalent consumption 
minimization strategy (ECMS). In ECMS, electric power is converted into an equivalent fuel rate in order 
to calculate the overall fuel cost. The optimization scheme divides the drive cycle to short time horizon 
and seeks the optimal local fuel consumption depending on a number of factors that describe the system's 
state. The ECMS approach was investigated in [6] and compared against other rule based control 
strategies like the fuel cell load following strategy (FCLS) which showed better results when compared to 
the ECMS. The FCLS uses a fuel cell load following strategy in which the power of the fuel cell tracks 
the demanded power and the role of the battery is to supplement power when demand exceeds the 
capacity of the fuel cell. 
An alternative power management approach employs heuristic control techniques such as fuzzy logic 
and neural networks for estimation and control strategy development.  In this paper, a fuzzy logic control 
strategy is tested and compared with the FCLS on a fuel cell hybrid electric rickshaw model using a 
realistic drive cycle.    
 
2. Main system components 
The three-wheel auto rickshaw that is the subject of this study is a Mahindra Alfa that is powered by a 
4 stroke 5.5 kW diesel engine. Table 1 provides the main specifications as provided by the manufacturer. 
In [4] an ICE model of the Alfa rickshaw was developed. It was validated against experimental data 
collected from acceleration and deceleration field tests in [7]. A fuel cell (FC) hybrid rickshaw model was 
created in PSAT. Fig. 1 shows the component configuration for the fuel cell hybrid model. A FC hybrid 
vehicle uses a fuel cell system combined with a battery or similar electrical energy storage device to 
provide the required power to operate an electric motor to propel the vehicle. For the rickshaw, an AC 
electrical motor with 8 kW maximum power and a Li-ion battery system with 1.5 kWh capacity  
 
Table 1.  Auto rickshaw parameters used in the model 
Parameter Value or Type 
Engine Type 4-stroke, single cylinder, diesel  
Max. Power (kW) 5.51 kW ±5 % @ 3600 rpm 
Max Torque (Nm) 16.7 Nm ±5 % @ 2200 to 2800 rpm 
Transmission Constant Mesh, 4 Forward  
Maximum Speed 53 km/hr 
Fuel Capacity 10.5 L  
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Curb Weight 480 kg 
 
Fig. 1.  PSAT component configuration for FC hybrid rickshaw model 
were selected, together with a proton exchange membrane (PEM) fuel cell type with 4.4 kW capacity. The 
on-board hydrogen fuel storage was in the form of pressurized gas with a mass of 1.79 kg in a 38 kg 
cylinder. DC/DC converters were assumed to operate at an efficiency of 95 %. A single final drive 
differential was selected as opposed to a full transmission, which reduces the overall weight of the 
vehicle. Except for changes to the drivetrain, the specifications were the same as those for the 
conventional ICE model. For example, passenger and driver masses were kept the same to enable a direct 
comparison between the ICE and FC hybrid configurations. More details about component selection and 
sizing are in [7]. 
3. Power management strategies 
The power management strategy should determine the split power between the fuel cell stack and 
battery while satisfying the load power requirement with respect to dynamic restrictions to the fuel cell 
stack and battery. The energy in the system should be managed in such way that the power supply is 
satisfied consistently, the battery is sufficiently charged at all times and the overall system efficiency is 
optimal. The power controller is used to determine how much power is needed for FC and battery systems 
and how much to charge the battery. 
3.1. Fuel cell load following strategy 
Fuel cells (FCs) are known to have higher energy density than batteries; However, the power density 
of battery is still 3 to 5 times higher than that of a fuel cell system [9]. FCs are considered inefficient to 
respond to fast and high peak power demand, thus battery are usually used to meet the peak power 
demand. In the FCLS, the FC tries to provide 100% of the power demand. Fig. 2 gives the flow chart of 
the strategy as where the power of the fuel cell tracks the demanded power and the role of the battery was 
to supplement power when demand exceeded the capacity of the fuel cell. Also the FC has to keep the 
SOC above certain threshold. 
In [6] the FCLS was tested together with three different management control strategies on a model of a 
fuel cell hybrid electric rickshaw using a realistic drive cycle.  The 1st tested was a modified equivalent 
consumption minimization strategy (ECMS) in which a cost function that involves the sum of fuel 
consumption and equivalent fuel consumption from the battery state of charge (SOC) is to be optimized. 
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The 2nd tested was a battery load following strategy in which the fuel cell shuts down when the SOC is 
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Fig. 2.  Flow chart of the FCLS control logic 
above a given threshold, and turns on when the SOC is below a given threshold.  The 3rd tested was an 
optimized fuel cell strategy in which fuel cell operation was restricted to its most efficient region. A 
performance comparison of the different strategies was presented, where the main performance measures 
are given by distance traveled, fuel economy and speed tracking error. It was found that the FCLS has 
best performance result.  The performance results with the FCLS will be used to be compared against the 
Fuzzy logic control strategy. 
3.2. Fuzzy logic control strategy 
Several studies have used Fuzzy Logic (FL) to control the power split between different power sources 
in hybrid vehicles. In [8] optimal fuzzy control and management was implemented in a fuel cell/battery 
hybrid vehicles. The optimal values of parameterized fuzzy controller and engine sizing were found with 
respect to different driving cycles. Up to 12.6% improvement in fuel economy was achieved. In [9] the 
efficiency maps of the fuel cell and the battery were obtained in order to the overall efficiency of a hybrid 
fuel cell/battery power generation system.  A FL control strategy was implemented and tuned by trial and 
error to increase the overall system efficiency while maintaining a minimum battery state of charge 
(SOC) of about 60%.  
In this paper a fuzzy control strategy (FCS) based upon load power demand and battery SOC is 
presented. The fuzzy logic controller has two inputs (i) battery of state charge (SOC) and (ii) the power 
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demand, where the power demand is the power of the vehicle required to drive.  FC power (FCpower) 
output is the only out put of the FLC. Initially the FLC membership functions and rules were choosing to  
be similar to the one reported in [10] and [11]. As shown in Fig. 3 a total of three memberships function 
where used, two trapezoid functions named (high and low) and one triangular function named medium. 
Centroid defuzzification method was adopted. The initial rules implemented in FLC were straightforward. 
If the SOC is low then the FCpower is high regardless of the Pdemand in order to bring back 
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Fig. 3.  Initial membership functions for SOC, Pdemand and FCpower 
Table 2.  Summary of fuel cell hybrid simulation results with FLCS and FCS controllers 
 Parameter FCLS 
initial 
FCLS 
retuned 
Improvement 
% 
 FCS 
initial  
FCS 
retuned 
Improvement 
% 
Performance distance traveled (km) 45.85 45.06 -1.7  45.03 45.06 0.1 
fuel economy equivalent  (L/100 
km) 
1.93 1.82 5.7  1.98 1.81 8.6 
Operating  initial SOC (%) 60 60 NA  60 60 NA 
final SOC (%) 59.94 59.97 0.1  80.21 59.95 25.3 
powertrain bidirectional 
efficiency (%) 
36.40 37.31 2.5  34.26 36.25 5.8 
braking energy recovered (%) 0.85 5.43 540  5.35 5.43 1.5 
Tracking time trace missed by 2 mph (%) 13.07 14.69 -12.4  14.81 14.69 1.0 
average absolute speed error 
(km/hr) 
1.53 1.69 -10.5  1.7 1.69 0.6 
 
the SOC to the medium status. If the SOC is high then FCpower will be low or medium depending on the 
Pdemand. If the Pdemand is high then the FCpower is high regardless of the SOC.  The overall logic for 
the FL controller is also considered straightforward.  If the torque demand is negative then FCpower is 
zero; otherwise, the fuel cell output equals the FCpower and the battery output is the Pdemand minus the 
FCpower. 
4. Simulation results and discussion 
FCLS is the default control strategy for hybrid FC configurations in PSAT. Initially the controller was 
implemented with the default PSAT setting and tested with a realistic rickshaw drive cycle that was 
designed in [4]. Simulation results with FCLS and the initial PSAT default setting are shown in Table 2.  
FCLS is seen to successfully regulate the SOC near its initial SOC value of 60% and the fuel economy 
equivalent is 1.93 L/100 km. However, the brake energy recovery was only 0.85% of the total available 
brake energy. The recoverable brake energy is limited by the motor maximum torque, the battery 
charging capacity and the desired tracking performance. It was found that an increase in the recovered 
brake energy had to be balanced against resultant decrease in the tracking performance.   
A retuning exercise was subsequently conducted in order to improve performance.  Fig. 4 shows the 
SOC with the retuned FCLS.  Results with the retuned FCLS are also shown in Table 2.  The fuel 
economy and brake energy recovered were improved by 5.7 % and 540% respectively. However, the 
tracking performance in terms of the percentage of the time trace missed by 2 mph and the average 
absolute speed error were decreased by 12.4% and 10.5%, respectively. 
The FCS with its initial rule set was implemented in the FC/battery hybrid model together with the 
same drive cycle used for FCLS.  Again, results are shown in Table 2.  One can see from Fig. 5 that FCS 
did not regulate the SOC very well (increased from 60% to 80%) and the efficiency was less than the 
result with FCLS (34% versus 37%). Further tuning of the rules for FCS was conducted. 
For retuning, it was found necessary to add a fourth membership function for the too low status. 
Finally, Table 2 shows the results with the retuned FCS. Fuel economy was improved by 8.6 % (from 
1.98 to 1.81 L/100 km). The SOC regulation improved by 25.3 %, which can also be seen when 
comparing Fig. 6 with Fig. 5. The high frequency chatter seen in Fig. 6 is due to the greater contribution 
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of the battery as a source of power.  The battery has a much faster response.  The powertrain efficiency 
was also improved by 5.8%. When comparing the results for tuned FCLS with tuned FCS, one concludes 
that they are equivalent in terms of achievable fuel economy. Table 3 lists the retuned rules together with 
the original rules.  Fig. 7 gives the retuned membership functions. 
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Fig. 4.  SOC regulation with retuned FCLS 
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Fig. 5.  SOC regulation with initial FCS 
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Fig. 6.  SOC regulation with retuned FCS 
5. Conclusions 
It was found that after careful tuning, FCLS and FCS were equivalent in terms of achievable fuel 
economy.  However, tuning the fuzzy logic controller was difficult and time consuming.  Thus, it is 
expected that if FCS could be tuned in a more systematic way, for example by using neural network or 
optimization techniques, it would potentially produce better performance than FCLS. 
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Table 3.  Fuzzy logic rules, initial and retuned 
Initial rules 
If SOC is Low then FCpower is high 
If SOC is Medium and Pdemand is Low then FCpower is Medium 
If SOC is High and Pdemand is Low then FCpower is Low 
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If SOC is High and Pdemand is Medium then FCpower is Medium 
If Pdemand is High then FCpower is High 
Retuned rules 
If SOC is too Low then FCpower is high 
If SOC is High then FCpower is too low 
If Pdemand is too low then FCpower is too low 
If SOC is not High and Pdemand is Low then FCpower is Low 
If SOC is not High and Pdemand is Medium then FCpower is 
Medium 
If SOC is not High and Pdemand is High then FCpower is High 
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Fig. 6.  Retuned membership functions for SOC, Pdemand and FCpower 
